ABSTRACT: During exposure to severe hypoxia (<20 Torr [2.7 x 103 Pal) under both laboratory and field conhtions, prawns Palaemon elegans Rathke frequently exhibited a parbal-emersion response dunng which they moved into shallow water and became quiescent, usually lying on their sides at the water's edge. The Poz at which this behavioural response occurred appeared to be dependent on temperature; at higher temperatures the prawns exhibited this response at higher oxygen tensions. When exposed to anoxic conditions in the laboratory, P. elegans sometimes left the water and emerged onto boulders. Investigations of the physiological advantages of the partial-emersion response demonstrated that the total oxygen content of the blood was significantly higher and the concentration of Llactate lower than that of either fully immersed or totally emersed prawns It appears, therefore, that P. elegans is able to exploit the higher oxygen tensions at the air/water interface and can meet most of its metabolic demands via aerobic metabolism. Although prawns which emerge completely from the water when exposed to anoxia may be able to utilize air as a source of oxygen, they are faced with problems of acid-base disturbance In the blood due to the difficulties of CO2 excretion. In these prawns, the total CO2 content of the blood was significantly higher and the pH lower than that of partially-emersed prawns. By remaining in contact with the water, partially-emersed prawns gain an important respiratory advantage and are able to reduce the problems both of acid-base disturbance and of desiccation during total emersion.
INTRODUCTION
The prawn Palaemon elegans Rathke is a common inhabitant of intertidal rock pools on European coasts and is regularly exposed to periods of low environmental oxygen tension that are a feature of the rock pool environment (Stephenson et al. 1934 , Daniel & Boyden 1975 , Truchot & Duhamel-Jouve 1980 , Morris & Taylor 1983 . The respiratory and metabolic responses of this species to environmental hypoxia have been the subject of several recent studies , Taylor & Spicer 1987 and unpubl., Taylor 1988 . P. elegans is well adapted to withstand hypoxia and is able to maintain its rate of oxygen consumption over a wide range of ambient oxygen tension down to a cntical tension (P,) of less than 20 Torr (2.7 X 103 Pa) . Below this cntical tension, the normal aerobic respiration rates cannot be sustained and there is a shift from aerobic to anaerobic metabolism which results in the production of lactic acid. Although P. elegans is able to Q Inter-Research/Printed in F. R. Germany tolerate even severe hypoxic stress, it is incapable of surviving more than a few hours exposure to anoxia (Taylor & Spicer 1987) .
During studies of acid-base disturbance in the blood and the metabolic changes accompanying exposure to environmental hypoxia in Palaemon elegans, it was noted that this species exhibited certain behavioural responses which might be of importance in enabling individuals to survive periods of exposure to severe hypoxia in intertidal rock pools. The aim of the present study was to characterize these behavioural adaptations and to assess their importance in minimising physiological disturbance during exposure to environmental hypoxia.
MATERIAL AND METHODS
Collection and maintenance of specimens. Palaemon elegans were collected from intertidal pools at the HWN level on a rocky promontory to the west of Kames Bay, on the Isle of Cumbrae, Firth of Clyde, Scotland. Prawns were collected using a hand-held net at regular intervals thoughout the period February to June, 1987 . After collection, the prawns were transported back to the Zoology Department, University of Glasgow, in large plastic containers (40 1) of seawater. Palaemon serratus (Pennant) were obtained from the specimen supply department of the Marine Biological Association at Plymouth, England. Specimens were kept for at least 1 wk at 10 'C in a seawater aquarium in the laboratory before being used in any experiment. During this time, they were fed regularly on mussels Mytilus edulis (L.) and were subject to a 12/12 h Light/ dark regime. They were starved for 2 d before the start of the experiments.
Behavioural observations. Behavioural observations were carried out on Palaemon elegans at 10 and 20 "C under the following conditions. A 10 1 transparent, plastic tank was filled with 5 1 of artificial seawater (Tropic Marine) having a salinity of 30 %o. A number of small sandstone boulders, collected from rock pools on the Isle of Cumbrae, were placed in the tank and, by being semi-submerged, allowed the prawns to move into more shallow water or even to leave the water completely. Five individuals were placed in the tank and left for 2 to 3 h to acclimatize to the experimental conditions. After this time, the oxygen tension (Po2) of the water was reduced at a constant rate by bubbling a gas mixture produced by gas mixing pumps (Wosthoff, Bochum, FRG) through the water. The P02 decreased at a rate of approximately 80 Torr h-' to produce a final PO* of < 1 Torr (1.3 X 102 Pa). The partial pressure of CO2 in the gas mixture (Pco,) was held constant at 0.8 Torr. The behavioural responses of the prawns were monitored continuously thoughout the experiment. Some comparative experiments were also carried out under identical conditions on the closely related Palaemon serratus.
Field observations. Recorhngs of the behaviour of Palaemon elegans in rock pools on the Isle of Cumbrae, Firth of Clyde, were made at different times of the year. Observations were made throughout the day but most recordings took place at night when the PO, of the water in the rock pools was at its lowest. ~u r t h e r recordings were carried out on 2 occasions at Wembury, near Plymouth, Devon, England, since at this location it was possible to find both P. elegans and P. serratus in the intertidal pools. This enabled us to make an interesting comparative study of the behaviour of these 2 species.
Hypoxia and anoxia experiments. In the laboratory, measurements were made of the changes in pH, total carbon dioxide content (Cco7) and the concentration of L-lactate in the blood of ~alaernon elegans exposed to hypoxic conditions. Attempts were also m.ade to monitor in vivo blood oxygen tensions using a Searle neonatal oxygen probe (1.35 mm diameter) but, due to the small size of even the largest prawns (2.72 g), this was unsuccessful. Determinations of the total oxygen content of the blood (Co2) were carried out, however. on 10 LLI blood samples taken from the pericardium (see below).
Three large plastic tanks (volume = 10 1) were set up in a temperature-controlled room at 10 "C. Two of the tanks contained 5 1 of seawater (salinity = 30 %o) made up from artificial sea salts (Tropic Marine) dissolved in deionized water which had been left overnight in the room to equilibrate to the experimental temperature. One tank was covered with a polystyrene sheet (5 mm thick), which was cut to fit the inside of the tank and which, when floating on the water surface, substantially reduced the air/water interface and helped to prevent the diffusion of oxygen back into the water. An oxygen electrode (E5046, Radiometer, Denmark), coupled to an oxygen meter (Strathkelvin Instruments, Glasgow) and a pen recorder (Smith's Servoscribe), was fitted through a hole in the polystyrene sheet to enable the Po2 to be monitored continuously throughout the experiment. The prawns in this tank were therefore exposed to hypoxic conditions but were unable to move into shallow water where the oxygen tension may have been slightly higher or to exhibit an emersion response (see below). These are referred to subsequently as immersed prawns.
The second tank was not covered and was provided with small boulders which allowed the prawns either to enter shallow water or even to completely leave the water. The Po2 of the water in the tanks was maintained at a constant level by bubbling the required gas mixture, produced by a precision gas mixing system, through 2 air-stones situated at either end of the experimental tanks. A third (empty) tank was lined with filter paper soaked in seawater (S = 30 %o). After prawns had been introduced into this tank, it was covered with a moistened paper towel to ensure the maintenance of a high relative humidity. These are referred to subsequently as emersed prawns.
Thirty Palaernon elegans (fresh wt range 1.34 to 2.66 g) were introduced into each of the tanks containing seawater and left undisturbed for 12 h. After this time 5 individuals were removed and these were taken as controls (Time 0). The oxygen tension of the water was then reduced by bubbling a predetermined gas mixture having a PO, of either l 0 Torr (1.3 X 10 Pa) or 0 Torr through the water. The percentage of Pc-, in the gas mixture was adjusted to maintain a constant water pH and PC02 throughout each of the experiments. The oxygen tension of the water decreased at a rate of approximately 160 Torr h-', and this rate of depletion was maintained for each of the experiments. A further 30 individuals were gently removed from their holding tanks, blotted dry and then placed in the tank lined with moistened filter paper. Fifteen individuals were removed for blood sampling (see below) at 3 and 6 h intervals in the 10 Torr experiment and 20 individuals were removed for blood sampling after exposure to anoxia for 2 h. Control prawns which had been maintained under normoxic conditions throughout the experiments were also sampled at the same time intervals.
Determination of blood pH, C,?, Cco, and L-lactate concentrations. After removal from the water, the individuals were quickly blotted dry, with special attention being paid to the posterior region of the carapace. Blood samples to be used in lactate analysis were taken from each prawn by inserting a fine gauge hypodermic needle attached to a 1 m1 syringe into the pericardium. The blood was then ejected from the syringe into an Eppendorf tube and assayed immediately using the method of Gutman & Wahlefeld (1974) with the modifications suggested by Graham et al. (1983) .
The in vivo pH of the blood was measured by drawing the blood directly from the pericardium into the capillary pH electrode of a Radiometer B.M.S. I1 maintained at 10 'C and connected to a Corning model 155 pH meter. The total CO2 content (Cco,) and the total oxygen content (Co2) of post-branchial blood were determined in 10 v1 samples taken anaerobically from the pericardium. The Cco, of the blood was determined using the method of Cameron (1971) and the CO2 of the blood was determined using the method of Tucker (1967) as modified by Bridges et al. (1979) . AU values quoted are means t SD.
RESULTS

Behavioural observations
When exposed to conditions of declining oxygen tension, Palaemon elegans showed an increase in locomotor activity. If presented with the opportunity, most prawns moved quickly into the shallow parts of the tanks and then became quiescent, usually lying on their sides parallel to the water's edge. This behaviour was noted only when the PO2 of the seawater was reduced to less than 25 Torr (3.3 X 103 Pa) at 10 "C, but at 20 "C this response was elicited at higher oxygen tensions (ca 40 Torr [5.3 X 103 Pal). Prawns which did not have access to shallow water often swam to the surface of the water at the sides of the tanks where they adopted an inverted position so that the ventral surface of the body was uppermost and was in close proximity to the air/water interface. Having adopted this position, the pleopods continued to beat in short bursts and created a current of water around the body. Although both behaviour patterns were regularly observed in P. elegans during exposure to hypoxic conditions, neither were recorded in experiments with the closely related P. serratus. When exposed to declining oxygen tensions, P. serratus normally remained quiescent at the bottom of the tanks. On entering shallow water, Palaemon elegans normally lay on their sides with their ventral surfaces parallel to the water's edge. After 1 to 5 min, a slow metachronal beating of the pleopods commenced causing water to be circulated around the prawns. The rate of pleopod beating varied considerably (rates of 52 to 99 beats min-' were counted in different individuals). The scaphognathites remained active throughout this period of partial-emersion. In fact there was a marked hyperventilation of the branchial chambers with the resting rate of beating of the scaphognathites (120 to 150 beats min-') increasing to between 250 and 350 beats min-'.
In this position the uppermost branchial chamber was partially-emersed so that the scaphognathite beat was concentrated at the air/water interface. Pleopod and scaphognathite beating was the dominant activity during this partial emersion response although occasionally some of the prawns did continue with stereotyped grooming behaviour involving the use of the second pereiopods.
During exposure to hypoxia the prawns would remain in this position at the aidwater interface for long periods often until the Po2 of the water in the tanks wss iccrcascd by s e r~t i o n .
Wheii exposed to exiserne hypoxia or to totally anoxic conditions, Palaemon elegans left the water completely and crawled up the exposed surface of the rocks until fully emersed despite the fact that the pereiopods seem poorly adapted to bear the full weight of the body. More typically, however, the prawns remained partially immersed or close to the water's edge so that desiccation stress was reduced. Occasionally, prawns resting in the shallow region flicked their tails, thus propelling themselves out of the water and on to the boulders. This behaviour was not well coordinated, however, since they sometimes propelled themselves back into the deeper parts of the tanks.
Once fully emersed the prawns remained quiescent, exhibiting occasional tail-flicks which were sometimes sufficient to propel them back into the water. In contrast to the partially-emersed prawns, fully emersed inchviduals showed a complete cessation of scaphognathite activity. Some preliminary experiments on the ability of Palaemon elegans to survive periods of aerial exposure indicated that this species was normally able to survive in air (relative humidity = 100 %) for over 12 h. Prawns which exhibited this partial emersion response, however, often re-entered hypoxic or even anoxic water when disturbed although they returned to the shallows within a few minutes.
Physiological effects of the emersion response
The effects of hypoxia-induced emersion on the CO,, pH, Cco, and L-lactate concentration of the blood of Palaemon elegans are presented in Table 1 . The total oxygen content of the blood of immersed prawns showed a significant reduction (p < 0.05) during the period of exposure to severe hypoxia (10 Torr). In emersed prawns, the reduction in the CO? of the blood was even greater (CoZ = 0.15 r 0.12 mm01 I-'). In contrast, the blood Co2 of prawns which exhibited the partial-emersion response did not show a significant reduction ( p > 0.05) from that of the controls maintained in normoxic water.
Within 3 h of exposure to severe hypoxia (Poz = 10 Torr), the pH of the blood of immersed and partiallyemersed prawns had increased significantly (p < 0.01).
There was no significant difference between the pH of the blood of immersed and partially-emersed prawns (p > 0.05). The pH of the blood remained elevated and did not decrease even after 6 h exposure to severe hypoxia. In contrast, the pH of the blood of emersed prawns declined significantly (p < 0.05) to 7.13 f 0.05 after 3 h and remained at this low value even after 6 h exposure.
Some recent studies of blood acid-base balance in decapod crustaceans have indicated that in vivo conditions were not in a steady state thus precluding the use of the Henderson-Hasselbalch equation to calculate in vivo Pcoz (DeFur et al. 1980 , Booth et al. 1984 . Burton (1987) has also discussed in some detail the problems of using the Henderson-Hasselbalch equation to calculate H C 0 3 concentrations in vertebrates for which accurate information on the appropriate constants is not available. DeFur & suggest that the inapplicability of the Henderson-Hasselbalch equation makes it impossible to construct accurate 'Davenport' diagrams (Davenport 1974) . We have followed DeFur & in presenting data in the form of a plot of pH versus Cco, (Fig. 1) which allows a comparison to be made between the in vivo data and the in vitro system as represented by a common buffer Line.
Although there was no significant difference in the total Cc-, of the blood of immersed and partiallyemersed prawns, when these data are plotted against the pH of the blood (Fig. l ) a marked metabolic alkalosis is demonstrated. In fully emersed prawns, however, the Ccoz of the blood increased from a resting level of 2.7 + 0.4 to a value of 8.0 r 0.6 mm01 1-' after 6 h aerial exposure. In all of the experimental groups there was an increase in the L-lactate concentration of the blood, even after 3 h (Table 1 ). This increase was most pronounced in the blood of the immersed prawns in which the concentration of lactate in the blood increased after exposure to hypoxia (10 Ton) for 6 h and was least in the blood of partially-emersed prawns in which the concentration of lactate after 6 h hypoxic exposure, although still elevated, was significantly lower ( p < 0.01) than in either the immersed or the emersed prawns.
After exposure to anoxia for 2 h, the blood pH of immersed prawns had decreased significantly (Table  2 ). This acidosis was primarily metabolic in origin for there was very little change in the Cco, of the blood whereas the concentration of L-lactate had increased significantly @ < 0.01). The immersed prawns were extremely lethargic after this time and sunrival was not high even after they had been returned to normoxic conditions. In the case of partially-emersed prawns, Table 1 . Palaemon elegans. Total oxygen content (C,,), carbon dioxide content (C,,,), pH and L-lactate concentration of the blood of prawns exposed to hypoxic water (10 Torr) for 3 and 6 h. Values are for totally ~mmersed, partially-emersed, and ernersed prawns, and for control prawns maintained in normoxic water. Values are means f SD, n = 6 CO, cm* however, there was no significant decrease in the blood pH Cp > 0.01) despite the increases noted in both the Cco, and lactate concentrations of the blood.
Hypoxic interval 3 h
DISCUSSION
Palaemon elegans possesses a number of respiratory adaptations to withstand hypoxia but is unable to survive prolonged exposure to severe hypoxia or anoxia. Mortality rates among P. elegans maintained at oxygen tensions below 10 Torr for more than 3 to 4 h are high apparently due to an inabhty to maintain blood acidbase balance or to sustain anaerobic metabolism for long periods (Taylor & Spicer 1987) . This applies, however, only to prawns which, under laboratory conditions, do not have access to the air/water interface. The results of the present study demonstrate that by moving into shallow water at the edge of the pool P. elegans is able to exploit the higher oxygen tensions that may occur in these regions. (Interestingly, P. serratus, which is primarily a sublittoral species but may be found in low shore pools in which conditions rarely become very hypoxic [Taylor & Spicer unpubl.] does not exhibit this behavioural response.) P. elegans also appears to utilize this behavioural strategy in the field. At night during periods of low tide when conditions within intertidal rock pools may become very hypoxic, P. elegans often moves into shallow regions of rock pools where the oxygen tension of the water may be significantly higher than in the deeper parts of the pools (Daniel & Boyden 1975 , Morris & Taylor 1983 . The occurrence of this behaviour was confirmed during the present study but it was also observed that when the pools became severely hypoxic or anoxic P. elegans exhibited the partial-emersion response that was observed in laboratory experiments.
Behavioural responses which enable animals to avoid severe hypoxia have been recorded in many aquatic species. For example, the freshwater prawn Macrobrachium rosenbergii is also known to migrate into the shallow regions of culture ponds when conditions become too hypoxic (Willis & Berrigan 1977) . There are also many examples of rock pool species which may leave the water completely when conditions become very hypoxic, e.g. the shore crab, Carcinus n;;enas (Taylor & Butler i973, Ddrliei & Boyaen i3?5j, the amphipod Echinogammarus pirloti (Agnew 1985) , the limpet Patella vulgata (Davies 1966) , the gastropods Littorina spp. (Sandison in Lewis 1964 ) and the blenny Blennius pholis (Daniel 1971) .
The partial-emersion response exhibited by Palaemon elegans in response to severe hypoxia has not been previously reported. It is known, however, that the freshwater prawn Macrobrachium australiense has a limited ability to migrate in air (Lee & Fielder 1979) and M. rosenbergii has also been observed to propel itself out of hypoxic water in culture ponds (Smith et al. 1982) . Similarly, the freshwater crayfish Austropotamobius paL!ipes migrates from hypoxic water into air where it can survive for up to 6 d if the relative humidity remains high (Taylor & Wheatly 1980) .
Complete emergence into air by Palaemon elegans was observed in the laboratory only during exposure to extreme hypoxia. This may be due to the prawns' apparent inability to obtain a supply of oxygen from air that is sufficient to maintain their normal rate of aerobic metabolism. When totally emersed, P. elegans has to rely, at least partly, on anaerobic metabolism. P. elegans is therefore faced with problems of acid-base disturbance due in part to the respiratory acidosis resulting from the cessation of branchial ventilation and the problems of CO2 elimination in air and to the metabolic acidosis associated with the production of lactic acid. These acid-base disturbances appear to be only partially compensated and result in a significant reduction in the pH of the blood.
The advantage gained by prawns emerging completely from hypoxic water appears, therefore, to be offset by the problems of acid-base disturbances of the blood. Furthermore, prawns emerging from hypoxic rock pools at night face the additional problem of returning to the pools (a task that is made difficult because they do not seem to be able to accurately control the direction in which they are propelled by the tail flicks) or being able to survive in air perhaps for several hours until the tide returns. It is perhaps not surprising, therefore, that during the present study, Palaemon elegans was not cbserved to emerge cornpletely from rock pools at night when conditions became extremely hypoxic but instead moved into shallow water or exhibited the partial-emersion response.
The partial-emersion response during which prawns lie on their sides at the air/water interface at the edge of the pools enables them to exploit the higher oxygen tensions in this region of the pool without the problems of desiccation and of blood acid-base disturbance to which they would be exposed if they emerged completely into air. In this position, oxygen uptake probably takes place from the water and not directly from the air. By adopting this lateral position the scaphognathite in the branchial chamber that is uppermost is able to beat at the air/water interface and circulates water having a higher oxygen tension over the gills. Although it was not possible to cany out recordings of the rates of oxygen consumption of Palaemon elegans which were partially-emersed, it is likely that they were able to meet most of their metabolic demands via aerobic respiration. For although some L-lactate accumulated in these prawns, the blood concentrations were significantly lower than those of either completely emersed prawns or of prawns kept fully immersed under hypoxic conditions at the same temperature. The finding that the total oxygen content of the blood of partially-emersed prawns was significantly h g h e r than in either fully immersed or emersed prawns provides further support to this suggestion.
The partial-emersion response shown by Palaemon elegans has some similarities with the emergence behaviour shown by the shore crab Carcinus maenas (Jobert 1896 , Bohn 1897 . In shallow hypoxic water, C. maenas raises the anterior part of the body and reverses the direction of scaphognathite beating so that air is bubbled through the water remaining in the branchial chambers. This behaviour, as in P. elegans, ensures that the PO= of the water in the branchial chambers is increased and that oxygen uptake from the water can be maintained. The PO> at which C. maenas exhibits this emergence behaviour increases with increasing temperature (Taylor et al. , 1977 . A similar relationship was also observed in P. elegans and would be predicted in a situation in which the prawn is establishing an equilibrium between its ability to aerate the water in the branchial chambers and its absorption of oxygen by diffusion across the respiratory surfaces (Wheatly & Taylor 1979) .
By exhibiting this partial-emersion response both species are faced with fewer problems of blood acidbase balance than if they were to emerge completely into air. Thus in Carcinus maenas which were partiallyernersed, the acidosis in the blood was not as great as in crabs which had migrated out of the hypoxic water and remained totally emersed (Wheatly & Taylor 1979) and indicates that the crabs are able to benefit from the presence of water in the branchial chambers to facilitate CO2 elimination (see also Burnett & McMahon 1987) . The ability to excrete CO2 into hypoxic water is also exploited by partially-emersed Palaemon elegans and by the crab Cancer productus when emersed under field conditions . In contrast to the acidosis recorded in the blood of C. productus emersed under laboratory conditions , the blood from crabs emersed in the field showed neither a significant acidosis nor an increase in Pco, . Similarly, in contrast to the acidosis recorded in the blood of fully emersed prawns, the blood pH of partially-emersed P. elegans increased significantly despite the slight increase in lactate production. This increase in blood pH may be attributable to a respiratory alkalosis resulting from the hyperventilation of the branchial chambers observed in these individuals. Unfortunately, it was not possible to carry out comparative experiments on Palaemon elegans in the field. But the recent study of Truchot (1986) on Carcinus maenas has shown that the degree of acid-base disturbance experienced by both immersed and partiallyemersed crabs in the field may be less than that observed under laboratory conditions. It is possible, therefore, that by exhibiting the partial-emersion response when exposed to severe hypoxia in rock pools P. elegans is able to at least partially meet its respiratory requirements without suffering serious acid-base disturbances of the blood.
